High load performance and fuel economy of gasoline engines are limited by knocks. Such limitations are becoming worse when the engine is heavily super-charged for high BMEP outputs. Spark ignition timing retardation has been an efficient method to avoid the knock but results in reduced engine performance and poor fuel economy. A better understanding of knock, which could be used to optimize the engine design, ignition timing optimization in particular, is important. In this research, a simulation model for SI engine knock has been developed. The model is based on a three-zone approach 
INTRODUCTION
Modern spark ignition (SI) engines are being designed to operate close to its limits caused by knock to achieve high brake mean effective pressure (BMEP), optimum brake specific fuel consumption (BSFC) and low emissions. It is generally acknowledged that knock in SI engines is caused mainly by the auto ignition of the unburned air and fuel mixture ahead of the flame front. It results in steep pressure gradients that spread in the form of pressure waves in the combustion chamber. These pressure waves then lead to undesirable knocking and ringing noise to the vehicle driver and can cause damages to engine components at sufficiently high intensities.
Chemical kinetic mechanisms play an important role in modelling spontaneous auto ignition. These are generally categorized into detailed [1,2], lumped [3] , reduced [4, 5, 6] , and global models [7, 8] according to the numbers of the reactions and the species [9] . The detailed chemical kinetic mechanisms were developed mostly by adjusting reaction rate parameters and thermal chemical data to fit experimental data. The other types of mechanisms were either extracted from the detailed mechanisms by taking computerized reaction sensitivity analysis like the lumped models, or derived by simplifying the chemical reaction processes into a few generalized chain branching reactions and fitting the reaction parameters for the experimental results like the reduced and global models. The experimental facilities in the study of chemical kinetic mechanisms are mainly engine-like devices such as closed vessels, flow reactors, shock tubes or rapid compression machines that are operated under homogeneous charge compression ignition (HCCI) conditions. Auto ignition behaviour of the unburned mixture under SI engine combustion is different from that under HCCI condition, but mechanisms directly derived from SI engines were scarce due to the complex combustion process. If these HCCI mechanisms are applied to model the auto ignition of the unburned mixture under SI engine combustion, certain reaction rate parameters at varying operation conditions will have to be tuned to agree with the experimental data.
There are various levels of engine models having the potential to be coupled with combustion kinetics to simulate SI engine combustion and autoignition, but each comes with inherited advantages and disadvantages. Computational fluid dynamics (CFD) modelling coupled with detailed combustion chemical kinetic mechanisms showed a potential to mimic the engine knock by considering temporal and spatial variance of the properties of the unburned gas mixtures, but requires massive computation resources [10] . Single-step [11, 12] and highly simplified multi-step kinetic mechanisms [13, 14, 15] have -2 -been linked into the CFD simulations to simplify the calculations, but still computationally expensive.
Zero-dimensional modelling technique provides much higher computational efficiency and has been extensively developed as engine design tools. However, most conventional zone models incorporate thermodynamic models and chemical equilibrium combustion models [16, 17] . They are functionally unable to describe the knock phenomenon. Various combustion chemical kinetic mechanisms, such as Shell auto ignition model [18] , reduced chemical kinetic mechanism [19] , and semi-detailed chemical kinetics [20] , have been introduced into zero-dimensional thermodynamic engine models to simulate the knock phenomenon. These zero-dimensional knock models have shown the potential to model and analyze the engine knock behaviour. However, the chemical kinetic mechanism employed was generally based on iso-octane, which is different from the fuel in the real world.
Tanaka mechanism [5, 6] uses identical hydrocarbon oxidation schemes for both iso-octane and n-heptane with 12 reactions in each scheme and includes an interaction reaction between n-heptane and iso-octane. By introducing further non-hydrocarbon mechanisms, the Tanaka mechanism consists of 55 reactions with 32 species. It is capable of simulating the combustion and autoignition behaviour of primary reference fuels. The mechanism has been tested in a wide range of HCCI conditions in a rapid compression machine. It is the interest of this research work to introduce the Tanaka mechanism into an early in-house developed zero-dimensional SI engine model and tune some of its key rate parameters to simulate SI combustion and knock performances.
THE MODEL
The model developed in the study is a zero-dimension based SI engine combustion model combined with tuned Tanaka kinetic mechanism. In the model, the in-cylinder gas mixtures are divided into three individual zones according to their different thermodynamic states and compositions as shown in Figure 1 .
The unburned zone is made of unburned mixture of fuel and air in front of the propagating flame. No burned residuals are considered. The burning zone is the reaction zone of the thin flame front, transporting mass and energy from the unburned to burned gas regions. The burned zone indicates the region consisting of burned products. The combustion chemical kinetic mechanism is applied in both the unburned zone to predict the oxidation reactions of the unburned air and fuel mixture, and in the burned zone to calculate the thermal performance of the burned gas. The burning zone at the thin flame front is assumed to have no volume and regarded as a transporting process [21, 22] . It is modelled by chemical -3 - equilibrium calculations [23] . 
Basic Model
The foundation of the zonal model is based on applying the mass and energy conservation principles on both unburned and burned zones. The major assumptions of the basic model are ideal gas engine charge, perfect homogeneous fuel-air mixture, and uniform in-cylinder pressure.
Mass Conservation -In the unburned zone, when pressure and temperature are sufficiently high, the air and fuel mixture is no longer stable and cool flame reactions starts. The reactions may further lead to auto ignition if the temperature further increases. This is analyzed in the model by introducing chemical kinetics to the unburned zone. Applying the mass conservation principle to the unburned zone, the change rate of the mass fraction of a species i in the unburned zone, u i X , , is then expressed as
where, i M is the molecular mass, i ω & is the volume specific molar production rate, and u ρ is the density of the unburned zone. The subscript i denotes a species in the mixture.
In the burned zone, the mass fraction change of each species is affected by two factors, the formation by the flame reactions, and the formation and consumption by the post flame kinetic reactions. The mass fraction of a species i after mixing with the mass transferred from the burning zone is therefore expressed as
where the 
where h is the specific enthalpy, p c is the specific heat capacity at constant pressure, V is the zone volume, p is the cylinder pressure, and T is the zone temperature.
For the burned zone, the effect of the energy transferred from the burning zone,
the temperature change needs to be taken into account which gives
Heat Transfer -The heat transfer of the unburned zone in the model consists of two parts, the heat convection between the unburned gas and the cylinder wall and the heat convection between the unburned gas and the flame front,
where u A is the contact area between the unburned gas and the cylinder wall. f A is the contact area between the unburned gas and the flame front which is estimated as Mass Fraction Burned -The burned mass in the cylinder consists of two parts, the mass transported from the burning zone due to the flame propagation, and the mass burned in the unburned zone due to the chemical kinetic reactions of the unburned gas auto ignition. Thus, the Mass Fraction Burned
x , is expressed as:
The mass burned by flame propagation in the model is calculated by the Weibe function [25] . The -6 - burned mass in the unburned zone is due to auto ignition only, and is therefore equal to the mass that have been consumed by the chemical kinetic reactions. Note that the mass burned due to chemical kinetic reactions will only play a significant part when auto ignition starts. This is expressed as (8) where t Δ is the calculation time step, subscript j is the step number, i is species number where 1 denotes fuel, 2 denotes O 2 and 3 denotes N 2 .
Kinetic Mechanism
Tanaka combustion chemical kinetic mechanism, as listed in Appendix 1, has been employed in this study to model the oxidation of primary reference fuels. It needs to note that the autoignition of the unburned mixture in the SI combustion is different from that of the HCCI combustion. In the HCCI case, the compression, the main driving force of the autoignition, is from the piston only. However, in the SI combustion, the unburned mixture is compressed by both the piston motion and the flame propagation.
The later contributes to faster and stronger compression and is heat transfer intensified. Therefore, it is reasonable to conclude that the autoignition in the SI combustion is stronger than that in the HCCI combustion, and can be characterized by shorter ignition delay and greater burned rate. The original Tanaka mechanism was developed for the HCCI combustion, so it needs to be tuned for the SI engine conditions.
A sensitivity analysis investigating the effect of the reaction rates on the ignition delay and burn-rate [5] indicated that the alkyl radical formation reactions in the Tanaka mechanism (R6 and R18 generally expressed as RH+OH=>R+H2O) have the greatest influence on both the ignition delay time and the burn rate. The enhancement of their pre-exponential factors of the rate-constants leads to a shorter ignition delay and a higher burn-rate. This phenomenon is attributed to the role of alkyl radical formation reactions in the oxidation chemistry, where both reactions represent the attack of the active radical OH to abstract the atom H from fuel molecules. This is believed to be the primary chemical path that is responsible for fuel consumption [26] . The kinetic parameters in R6 and R18 therefore need to be enhanced in order to tune the mechanism to the level of autoignition under SI conditions.
The enhancement of the kinetic parameters in reactions R6 and R18 have no effects on the low -7 - temperature oxidation reactions of the unburned gas mixture before knock occurring or under the conditions that lead to no autoignition. This is because that these two reactions are only actively responsible for the parent fuel decomposition when the temperature rises to the intermediate and high
regimes, where OH radicals can be built up and become the critical chain-carrying radicals [27, 28] . The modified mechanism is therefore capable to simulate the low temperature reactions of the unburned gas mixture that may or may not lead to knock.
After applying the Tanaka chemical kinetic model into the three-zone engine model, a sensitivity analysis was conducted to study the influence of the pre-exponential factors of reactions R6 and R18 on knock position, peak cylinder pressure, knock intensity and combustion duration. Figure 2 shows the calculated knock position and peak cylinder pressure at varying enhance factors applied to the pre-exponential factors of R6 or R18. Both reaction rate parameters need to be tuned simultaneously since the two reactions play the same roles in the chain branching mechanisms for n-heptane and iso-octane, respectively. The modelled engine condition is 900 RPM, spark ignition timing of 6 o before top dead centre (BTDC), intake pressure of 1.0 bar, and air to fuel ratio (AFR) of 13:1. The fuel input into the calculation is a primary reference fuel with 95 RON. In the baseline case, the pre-exponential factors are set the same as the ones in the Tanaka mechanism. It can be seen that as the pre-exponential factors increase, the knock occurring position advances towards TDC and the peak in-cylinder pressure increases. This justifies the effect of enhanced factors on the ignition delay. As the ignition delay time is shortened, autoignition occurs early towards the TDC, which leads to higher peak pressure. The results show that the increase of the enhance factors from 1.0 to 6.0 leads to knock position being advanced by about 23%, the peak pressure being increased by around 16% and knock intensity being raised by about 100%. Further increasing the enhance factors from 6.0 to 10.0 can only affect these three parameters by about 3%, 2% and 15%, respectively. Thus, it can be concluded the enhance factor of the value of 6.0 is the turning point and has been employed in this work.
Equilibrium Burning Zone
The burning zone is the flamelet reaction zone transporting mass and energy from unburned to burned gas regions. In this study, the burning zone is assumed as an adiabatic region at chemical equilibrium. During each calculation step, the mass entrained into the flame front is assumed to be burned and transferred into the burned gases instantaneously.
The same thermodynamic data and chemical species in Tanaka mechanism are selected to be included in the equilibrium chemistry. The equilibrium state of the gas mixture in the burning zone is determined by minimizing the Gibbs free energy 0 ≈ ΔG , which serves as a criterion of chemical equilibrium. The thermal properties and the equilibrium chemical composition of the burning zone are calculated using the STANJAN equilibrium program [29] .
Numerical Solver
The 
Tests and Knock Identification
The engine used for the model validation in this work is a single cylinder, 4-stroke Ricardo E6 research SI engine. The engine specifications are detailed in Table 1 . The engine was equipped with a pressure transducer and the data was recoded at an interval of one-tenth crank angle degree. A LabVIEW based engine data acquisition system was used to record 50 consecutive engine cycles data at each test condition.
Knock detection has been a widely researched subject. It was found that the pressure traces under knocking conditions have two distinct features: the pressure fluctuation and the sharp pressure rise [30, 31, 32] . In this work, the start of the first distinct transition in the slope of the cylinder pressure trace, which is followed by consecutive pressure fluctuation, is taken as the knock onset position as shown in (11) It was found that a threshold value of 30 bar/CA 2 corresponds well with the knock occurrence in the tests and has been used to identify the knock in this study.
The knocking level is evaluated by knock intensity, which is defined as the maximum amplitude of pressure increase rate. Figure 6 shows the knock intensity against knock positions of 43 knocking cycles identified from 50 consecutive measured cycles at 900 RPM, 4 o BTDC spark timing, AFR of 13 and at wide-open throttle (WOT). It shows that the earlier the knock occurs, the stronger the knock intensity is.
This trend agrees with the results reported elsewhere [33, 34] . Knock Intensity Max (dp/dθ) Knock onset CA (deg) Figure 6 : Knock intensity .vs. knock positions of the identified knocking cycles
Validation
The model developed in this work was to simulate engine combustion performances under both knock and non-knock conditions. If the engine operates without knocking, the combustion kinetics employed in the model will be low temperature reactions dominated, and thus no auto ignition occurs. Figure 11 summarises the calculated and measured knock onset position and knocks intensity at varying AFR. Three regions can be identified, the knock region, the non-knock region, and the transition between the two. At the tested engine conditions, the knock region is between the A/F ratios of 11 to 13.
When the A/F ratio is lower than 10, there is no knock being detected. In the region of 10 to 11, the engine is under and through the transition. It can be seen that both calculated and measured knock -16 - position advances and knock intensity increases as the A/F ratio increases. The simulated knock onset position is slightly less predicted at rich conditions, about 0.6 o later than the measured position at AFR of 11. The difference reduces as the mixture getting leaner. As the results, the predicted knock intensity is about 10% lower than the measured one at lean conditions. Again, the difference may due to over calculating of heat loss at lean conditions since the heat transfer rate correlation employed in the model is not sensitive enough to variation of A/F ratios. WOT. Both the measured and calculated results confirm that the knocking position in terms of engine crank angle is delayed as engine speed increases. The simulated knock position at low engine speed is slightly later than the measured position while at high speed it becomes a bit earlier.
-17 - Figure 12 : Comparison of calculated and measured knock onset positions in respect of RPM Figure 13 shows the calculated and measured peak cylinder pressure at knocking conditions at varying engine speeds. It shows that peak cylinder pressure decreases as the engine speed increases.
The model overall over predicted the cylinder peak pressure. Figure 14 shows the calculated and measured knock intensity at varying engine speeds. Reducing the engine speeds results in an increase of the duration of time for which the end-gas is subjected to high pressure and temperature environment. This leads to the build-up of the radical pool to consume major fraction of the fuel in the gas and causes auto ignition. The longer the end gas resides in high temperature and pressure environment, the earlier and harder it is for the end gas to auto ignite.
-18 - Figure 15 shows the calculated burned mass fraction with and without auto ignition under an engine condition of 1500 RPM, spark timing of 9 o BTDC, air to fuel (A/F) ratio of 13, and Wide Open Throttle (WOT) full load condition. The one without auto ignition is calculated directly using the Weibe function, and the one with auto ignition is calculated by the model with the same Weibe function parameters. It can be seen that the two curves overlap until the level of about 45%. When auto ignition, the knock, occurs in the unburned zone, the burned mass fraction suddenly accelerates due to the auto ignition of the mixture in the unburned zone. Clearly, to merge the auto ignited mass into the burned mass shortens the overall combustion duration than that defined by the Weibe function. The strategy is seriously limited by the knock problem. Spark timing retardation is an efficient method to avoid the knock, but can significantly reduce the engine combustion efficiency. A good understanding in to the relationship among the boost pressure, combustion quality and spark timing retardation is necessary. The zero-dimensional 3-zone model developed in this work offers such a potential. Figure 16 shows the calculated peak cylinder and knock timing pressure at varying engine intake pressure. The engine conditions for the calculation were 1500 RPM, spark ignition of 9 /BTDC, 1.0 bar intake pressure to simulated the WOT condition and an AFR of 14:1. The results showed that the knock timing advances as the intake pressure increases. This is clearly contributed to the fact that a higher intake pressure increases the in-cylinder effective compression ratio and compresses the unburned mixture harder that improves the fuel auto ignition conditions and leads to an earlier knock. Figure 16 : Calculated knock onset positions and peak pressures in respect of intake pressure Figure 17 shows the calculated knock intensity and the combustion duration at varying intake pressure. Again, higher intake pressure results in higher knock intensity. The combustion duration calculated in the model is the duration after considering the auto ignition of the unburned mixture. It decreases as the intake pressure increases. This is because that the increased effective compression ratio due to intake pressure boost delivers stronger combustion, which pushes the unburned mixture ahead of the flame front harder. This leads to earlier and stronger auto ignitions. The enhanced auto ignition consumes more unburned mixture and reduces overall combustion duration.
APPLICATIONS
-20 - Figure 17 : Calculated knock intensity and combustion durations in respect of intake pressure Spark timing retardation is an efficient method to avoid the knock especially under boosted intake conditions. Figure 18 shows the simulated influences of the spark timing on the peak pressure and the knock positions at 1500 RPM, the A/F ratio of 14:1 and WOT. It can be seen that as the ignition timing retards towards TDC position, the knock timing delays, too. When the spark timing is delayed to a certain level, no knock occurs and the combustion is safely in the non-knock region. The peak pressure decreases as the ignition timing is retarded, which is simply due to the weakened compression effect on the combustion with delayed ignition timing. 
CONCLUSIONS
The three-zone combustion model with reduced kinetics for SI engine knock simulation developed in this work can be generally summarized as:
• A zero-dimensional 3-zone SI engine combustion model incorporated with a reduced chemical kinetic mechanism has been developed.
• The Weibe function in the basic model has been corrected by the autoignition of the unburned mixture, which gives an improved mass fraction burned under knocking condition.
• The kinetics used in the model was initially developed for the autoignition of HCCI combustion.
The reaction rate constants of the R6 and R18 in the chemical kinetics have been modified to improve the accuracy of autoignition prediction under SI combustion.
• A knock detection and process method has been developed to analyze the recorded cylinder pressure, identify the knocking cycles and determine the knock timing.
• The model has been validated against engine test data. Good agreements have been obtained.
• The model shows the potential in analyzing the relationship among ignition timing, knocks, and 
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